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Wellcome Research Laboratories, Beckenham, Kent BR3 3BS, U.K.
(Received for publication February 6, 1994 and in revised form March 31, 1995)

Abstract

Introduction

Stimulation of A43 l cells (a human vulval epidermal
cell line) with 50 ng/ml of epidermal growth factor
(EGF) in the presence of 1.7 mM extracellular calcium
produced a sharp and sustained rise in intracellular ionic
Ca2 +, increased elemental Na, decreased K and a rise
in Ca. In the absence of extracellular calcium, the initial Ca2 + rise remained but the sustained elevation of
intracellular Ca2 + was abolished, Na and K fluxes were
variable and the Ca did not change. Increased Na and
decreased K was marked at 2 minutes and returned to
the control value after 60 minutes. The increase in Ca
was an early event. Cells stimulated with EGF showed
a pronounced morphological disruption, especially the
mitochondria . The response ofNR6 /SA3 and NR6/DC7
cells (genetically engineered rodent fibroblast cell lines)
to EGF stimulation was higher than that of the A431
cells, as was the resting cytoplasmic Ca2 +. Untreated
NR6/SA3 and NR6/DC7 cells possessed an increased
Na/K ratio when compared with A431 cells.

Epidermal growth factor (EGF) and its receptor
(EGF-R) are key regulatory components of cell growth
and differentiation in a number of cell types. Intracellular sodium, potassium and calcium fluxes are associated with the response of cells to stimulation by EGF
(Rothenberg et al. , 1983; Moolenaar et al ., 1984). It is
now established that EGF-R is a 170-kDa plasma
membrane-spanning glycoprotein whose cytoplasmic
domain contains a tyrosine kinase moiety (Ullrich et al.,
1984) which is activated in consequence of receptor
dimerisation after binding of EGF to its receptor
(Schlessinger, 1988; Spaargaren et al., 1991). Despite
the diverse biological action of EGF, it appears that the
early steps in EGF signal transduction are similar in different cells (Peppelenbosch et al., 1992). These changes
are effected as an enhanced Na+ /H+ shift (Rothenberg
et al., 1983), a transient Ca 2 + influx and transient membrane hyperpolarisation (Peppelenbosch et al., 1992).
We have studied the effects of EGF on three cell types:
A43 l, a human vulva! epidermal cell line that grossly
over-expresses EGF-R, but which is not mitotically stimulated by EGF, (Rothenberg et al. , 1983), NR6/SA3 and
NR6/DC7. The latter two cell lines are genetically engineered NR6 rodent fibroblasts which stably express different levels of recombinant EGF-R which the parental
cells lack. We have used scanning electron microscope
X-ray microanalysis (XRMA) and single cell microfluorimetry (SCMF) to further understand the response
of these cells to EGF and to consider the potential of
using microscopy techniques to investigate early changes
associated with cell proliferation.

Key Words: Epidermal growth factor, Ca2 +, Na, K,
cultured cells, X-ray microanalysis, single cell microfluorimetry.

Materials and Methods
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Cell culture and preparation of cells for microscopy
A431 cells were maintained in "complete medium"
consisting of Dulbecco 's Modified Eagles Medium
(DMEM) containing 10% foetal calf serum (FCS) and
gentamicin sulphate. NR6/SA3 and NR6/DC7 cell lines
231
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Figure lA. Cytoplasmic Ca2+ changes
in A431 cells after stimulation with 50
ng/ml EGF in the presence of 1.7 mM
extracellular calcium.
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Figure lB. Cytoplasmic ca2+ changes
in A431 cells after stimulation with 50
ng/ml EGF in calcium-free medium.
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a heated cell stage covered with 200 l of Hank's balanced salt solution (HBSS) (Gibco BRL) + 20 mM
HEPES (Gibco BRL) + 10 mM NaHCO 3 pH 7.3 (HHN
medium), either calcium-free or containing 1.7 mM
calcium and was placed on the stage of a Nikon inverted
microscope fitted with a Newcastle Photometric Systems
cooled CCD multipoint detection system. HHN medium, either calcium-free, or containing 1. 7 mM calcium
as appropriate, was mafotained at 30°C and gently
passed over the cells at 2 ml/min. Cells were imaged
and delineated for analysis. The medium flowing across
the cells was replaced with fresh medium from another
flask to ensure that changing it did not alter the Ca2 +
levels in the cells. This medium was replaced with one
containing 50 ng/ml EGF. Once a maximum Ca2 +
change had occurred, the trace was saved and the experiment terminated. The rise in cytoplasmic Ca2 + was
recorded as the change in the ratio from the basal level
to the maximum attained. Six replicas of each experiment, both in the presence and absence of extracellular
calcium were performed.

were maintained in "selection medium," a "complete
medium" containing the selection agent geneticin (G418)
at 0.4 mg/ml. All cells were maintained at 37°C in a
humidified atmosphere containing 5 % CO 2 . Cells were
harvested with trypsin/ethylenediaminetetraacetic acid
(EDTA) and counted. For XRMA , the cells were plated
onto Costar Transwell inserts in 6 well plates (Costar,
High Wycombe, U.K.) at 1 x 106 per well in 3 ml
"complete medium." For SCMF, the cells were plated
onto 22 mm diameter glass coverslips in 6 well plates,
at 8 x 104 per well in 4 ml "complete medium." Cells
were incubated for 24 hours to allow them to attach.
Medium was removed and replaced with Optimem 1
(Gibco BRL, Paisley, Scotland, U.K.) containing 0.5%
FCS and gentamicin sulphate and incubated for a further
24 hours before analysis.

Single cell microfluorimetry
For single cell microfluorimetry, A431 cells were
grown on glass coverslips. The medium in which the
cells had been maintained was removed, mixed with 1
mM stock Fura-2 acetoxymethyl ester (AM) (Molecular
Probes Inc., Eugene, OR, USA) to yield a final concentration of 5 M and immediately, carefully replaced. The
cells were incubated with 5 M Fura-2 AM for 30 minutes at 10°C. The coverslip with the attached cells was
removed from the well and placed in the plastic insert of

X-ray microanalysis (XRMA)
For X-ray microanalysis, A431 cells were grown on
Costar Transwells. The culture medium was replaced
with HHN medium, either calcium-free or loaded with
1.7 mM calcium. Three replicates were treated for 2
232
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Figures lC. Elemental Na, Kand Ca changes in three
replicate groups of A431 cells after stimulation with 50
ng/rnl EGF in the presence of 1.7 mM extracellular
calcium.
Figure 1D. Elemental Na, Kand Ca changes in three
replicate groups of A431 cells after stimulation with 50
ng/rnl EGF in calcium-free medium.
Figure lE. Elemental Na , Kand Ca changes over 60
minutes during stimulation of A43 l cells with EGF in
the presence of 1. 7 mM extracellular calcium.
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minutes with 50 ng/rnl EGF and controls were mocktreated. For longer term study, the cell replicates were
treated for up to 60 minutes in an identical manner and
the experiment was repeated twice. Cells on substrates
were briefly rinsed in 1 ml 0.3 M sucrose in distilled
water, as justified previously (Hall et al. , 1994), slam
frozen on a liquid nitrogen- cooled copper mirror
(MM80, Leica Ltd. , Milton Keyes , U.K .) and freezedried overnight on a LN2-cooled aluminium block in an
Edwards 306 vacuum coating unit (Edwards High
Vacuum, Crawley, U.K .). The samples were mounted
on scanning electron microscope (SEM) stubs using
conductive carbon cement (Neubauer, Germany) and
carbon-coated before SEM XRMA using a Philips
PSEM500 , EDAX detector unit and PV9900 analyser.
Spectra of 10 cells from each replicate were acquired at
12 kV for a live time of 100 seconds and count rate
stabilised at 1000 cps by varying the spot size. "Super
Quant" standardless automatic background correction
(EDAX, Mahwah, NJ, USA) was applied to the experimental spectra and local peak-to-background ratios for
the elements of interest were calculated. Means and

control

EGF 2'

EGF 15'

EGF 60'

Treatment
standard error of mean (S.E.M) of control and treated
cells were compared using a one-way analysis of
variance (Hall et al., 1994).
Unstimulated NR6/SA3 and NR6/DC7 cells were
similarly prepared for XRMA examination.

Transmission electron microscopy (TEM)
For ultrastructural studies, A431 cells were prepared
and treated with 50 ng/rnl EGF , in either calcium-free
HHN medium or HHN medium loaded with 1.7 mM
calcium together with appropriate controls for XRMA .
The cells still attached to the substrate were fixed with
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer
pH 7.4, at room temperature for 1 hour, washed in buffer and post-fixed with aqueous osmium tetroxide for 1
233
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Figure 2A. Unstimulated A431 cells
showing cristate mitochondria (m) and
regular nucleus (n), morphology typical
of healthy cells. Bar = 500 nm.

Figure 2B. A431 cells, stimulated
with 50 ng/rnl EGF in the presence of
1.7 mM extracellular calcium, showing
invaginated nucleus (n), degraded mitochondria (m) and vacuolation (v). Bar
= 500 run.

hour. Cells were washed in distilled water, dehydrated
in a graded series of ethanol, 50%, 70%, 90%, 100%,
100% for 10 minutes each, transferred through propylene oxide (10 minutes) and infiltrated in a mixture of
1: 1 propylene oxide: Araldite CY212 resin (Taab Laboratories, Aldermaston, U.K.) for 30 minutes at room
temperature. Infiltration for 2 hours in Araldite CY212
at room temperature and for 1 hour at 37°C was followed by polymerisation at 60°C for 24 hours. Ultrathin sections were stained with uranyl acetate and lead
citrate and viewed in a Philips TEM 420 at 80 kV .

Results
Response of A431 cells to stimulation by EGF
SCMF showed that stimulation of A431 cells with
50 ng/rnl of EGF in the presence of 1.7 mM extracellular calcium produced a sharp and sustained rise in intracellular Ca2 + (Fig. IA). When the experiment was
repeated in the absence of extracellular Ca2 +, the initial
rise remained but the sustained elevation of intracellular
Ca2+ was abolished (Fig. lB).
234
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Figure 2C . A431 cell stimulated with
50 ng/ml EGF in calcium-free medium
showing invaginated nucleus (n) and
disrupted empty mitochondria (m). Bar
= 500 nm .

large empty vacuoles were detected (Fig. 2C).

XRMA of A431 cells treated, in the presence of 1.7
mM extracellular calcium, for 2 minutes with 50 ng/ml
EGF revealed significantly increased Na and decreased
K content when compared with control cells (Fig. lC).
There was also a significant rise in Ca content in each of
the three replicates. When the experiment was performed in the absence of extracellular calcium, Na and
K content changes, although occurring, were variable
and the elemental Ca content did not differ from control
cells (Fig. lD). A time course experiment, in the presence of 1.7 mM extracellular calcium (Fig. lE), showed
that increased Na and decreased K content, when compared with control cells, was marked at 2 minutes and
gradually returned to the control value after 60 minutes.
The increase in Ca content was an early event and had
returned to normal after 15 minutes.

Comparison of the response of A431, NR6/SA3 and
NR6/DC7 cells to stimulation with EGF
We observed that the response, measured by the
change of cytoplasmic Ca2+, of NR6/SA3 and NR6/
DC7 cells, to EGF stimulation in the presence of 1.7
mM extracellular calcium was higher than that of the
A431 cells (Fig. 3A). Indeed, the resting levels of cytoplasmic Ca2+ were higher in NR6/SA3 and NR6/DC7
cells than in the A431 cells. XRMA of control A431
cells showed the expected "normal" low Na and higher
K. Examination of untreated NR6/SA3 and NR6/DC7
cells revealed that they possessed an increased Na and
decreased K content compared with A431 cells, although
there was no difference in the Ca levels (Fig. 3B).

Ultrastructural changes induced by EGF treatment of
A431 cells

Discussion

Control A431 cells, mock-treated with either calcium-free medium and medium loaded with 1.7 mM calcium , possessed normal morphology. Cells were rounded
with intact membranes and possessed a well-defined nucleus, cristate mitochondria and extensive rough and
smooth endoplasmic reticulum and Golgi apparatus (Fig.
2A) . Cells stimulated with 50 ng/ml EGF in calciumloaded medium, showed a pronounced disruption to the
mitochondria, a degree of cytoplasmic vacuolation and
nuclear invagination (Fig. 2B). Those treated for 2 minutes with 50 ng/ml EGF in calcium-free medium had
marked invagination of the nuclei, and showed considerable swelling of the mitochondria and degeneration of
the cristae . Many autophagic vacuoles and a number of

SCMF detects cytoplasmic ion flux, whereas XRMA
measures total elemental content. After stimulation of
A431 cells with EGF , there was a similar, sharp rise in
cytoplasmic Ca2 + both in the presence and absence of
extracellular calcium. However, a rise in total cell Ca
was observed by XRMA only in the presence of extracellular calcium. Therefore , since a cytoplasmic Ca2 +
rise was detected, both in the presence and absence of
extracellular calcium, it appears that the early Ca2 +
peaks in A431 cells stem from an early release of intracellular Ca2+, presumably mediated by IP3 (Berridge,
1993). After this initial peak, the level of cytoplasmic
Ca2 + remained high in cells stimulated in the presence
of 1.7 mM extracellular calcium . The high cytoplasmic
235
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Figure 3. (A) Cytoplasmic Ca2+ changes in A431,
NR6/SA3 and NR6/DC7 cells after stimulation with 50
ng/ml EGF in the presence of 1.7 mM extracellular
calcium.
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Ca2 + was not maintained in cells stimulated in the
absence of extracellular calcium. XRMA analysis revealed an increase in total cell Ca only in cells stimulated in the presence of extracellular calcium, therefore
it would appear that the high cytoplasmic levels of Ca2 +
in cells maintained in medium containing 1.7 mM Ca2+
are sustained by an inward flux of Ca2 + from the extracellular medium .
The variable Na and K fluxes also showed the transient nature of this response, in the absence of extracellular calcium. Experiments in medium containing 1.7
mM Ca2+ showed consistently high Na and low K after
2 minutes of EGF . When the experiment was repeated
in calcium-free medium, this consistency was lacking.
In two of the three replicates, the K was higher than Na
and approaching the normal value. This mirrors the
SCMF results in which Ca2 + levels return to basal values very quickly after EGF stimulation. The shortest
practical sampling time for XRMA in our system is 2
minutes after cell stimulation. At this time point, our
SCMF results show that intracellular Ca2 + is decreasing
rapidly. Therefore, by inference, Na and K would also
be altering rapidly and small differences in sampling
time could yield very different results, as demonstrated
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Figure 3B.
XRMA showing increased Na and
decreased K of unstimulated NR6/SA3 and NR6/DC7
cells compared with A431 cells.

by our XRMA studies. This
high Ca2 + medium, for even
level has not been reached .
interdependency between Na ,
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These results imply an
K and Ca2 + during cell
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Although A431 cells possess many more EGF receptors than either NR6/SA3 or NR6/DC7 cells, they
show a smaller increase in cytoplasmic Ca2 + after EGF
stimulation. This may be a result of down regulation of
the receptors. Because there are fewer receptors in
NR6/SA3 and NR6/DC7 cells, down regulation may occur at a slower rate while the cytoplasmic rise in Ca2 +
continues . The fact that A431 cells are human epidermoid carcinoma cells and NR6 are mouse fibroblasts
could also result in different kinetics of EGF-R activation and down regulation, as well as differences in
downstream signalling molecules such as PLC,-. This
may also be the cause of the decreased growth of A43 l
cells in the presence of EGF (Karen Affleck, personal
communication) , in contrast to the NR6/SA3 and NR6/
DC7 cells, which proliferate under similar conditions.
The high initial cytoplasmic ca2+ ratios in NR6 /SA3
and NR6/DC7 cells would indicate activation; indeed,
this was confirmed by XRMA observations of increased
Na/K ratio in these cells compared with A431 cells.
Our experimental results are consistent with proposed pathways (Peppelenbosch et al., 1991) which consider that activation of a tyrosine kinase receptor first
induces a small Ca2 + influx which initiates the autocatalytic process leading to elevated Ca2 + and hyperpolarisation of the cell . We have shown an initial rise in
intracellular Ca2 + which is sustained by an influx of
extracellular Ca2 +, presumably through the opening of
Ca2+ channels via the 5-LO pathway (Peppelenbosch et
al., 1991). It is interesting to note that, after the initial
efflux of intracellular Ca2 +, there appears to be a close
relationship between cell Ca2 +, Na and K. These results substantiate those of Peppelenbosch et al. (1991)
who suggested that Ca2 + release constituted only a
minor component of the total increase in [Ca2 +]i, the
major part originating from EGF-induced Ca2 + flux. In
conclusion, our experiments indicate the value and future
potential of a combined elemental and ionic microscopical analytical approach to characterising early stages in
cell activation and defining subtle changes in different
cell lines.

Discussion with Reviewers

J. Wroblewski: The rise in Ca2+ induced by exposure
to EGF was earlier in Figure 3A than in Figures lA or
lB. Could you please comment on the difference in the
cellular responsiveness .
Authors: The marks at 90 seconds in Figures lA and
1B indicate the time at which the drug delivery system
was switched to EGF. There was a short delay before
the EGF reached the cells when there was an almost instantaneous increase in intracellular Ca 2 + . Figure 3A is
a composite of three traces aligned at the addition of
EGF . The trace of the effects of EGF on A431 cells in
Figure 3A corresponds in magnitude and time of response to the EGF traces in Figures lA and lB, with the
exception that the EGF was added at a later time in
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K. Zierold: Do you have indications for the possible
involvement of intracellular calcium stores, e.g., in the
endoplasmic reticulum, in mitochondria, or in particular
vesicles?
Authors: We have no data to indicate the involvement
of these stores, although information could be obtained
by the use of TEM X-ray analysis.

Figure 3A. There is a similar reactivity of A43 l and
NR6/ SA3 cells, but a slower reactivity of NR6/DC7
cells, which may be related to the high resting Ca2+
level.

J. Wroblewski:

When varying spot size, one would
expect the contribution of the nucleus to the analysed
volume varied between the cells. Please comment.
Authors: The precise contribution of the nucleus would
vary according to the spot size, as well as to the exact
morphology of each individual cell. In this study, we
divided all elemental values with internal phosphorus to
allow for volume, density and topographical changes to
the cells (Hall et al., 1994).

K. Zierold: The low K/Na ratio of the cells under control conditions shown in Figure 3B is extremely unusual
for mammalian cells. How do you explain this exceptional result?
Authors: NR6 /SA3 and NR6/DC7 cells are genetically
engineered cell lines and stably express different levels
of EGF-R; the unusual K/Na ratio implies that these
cells are continuously active in culture.
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